Background: Identification of pathogenic germline alterations (PGAs) has important clinical and therapeutic implications in pancreas cancer. We performed comprehensive germline testing (GT) in an unselected prospective cohort of patients with exocrine pancreatic neoplasms with genotype and phenotype association to facilitate identification of prognostic and/or predictive biomarkers and examine potential therapeutic implications. Methods: Six hundred fifteen unselected patients with exocrine pancreatic neoplasms were prospectively consented for somatic tumor and matched sample profiling for 410-468 genes. GT for PGAs in 76 genes associated with cancer susceptibility was performed in an "identified" manner in 356 (57.9%) patients and in an "anonymized" manner in 259 (42.1%) patients, using an institutional review board-approved protocol. Detailed clinical and pathological features, response to platinum, and overall survival (OS) were collected for the identified cohort. OS was analyzed with Kaplan-Meier curves. Results: PGAs were present in 122 (19.8%) of 615 patients involving 24 different genes, including BRCA1/2, ATM, PALB2, and multiple additional genes associated with the DNA damage response pathway. Of 122 patients with germline alterations, 41.8% did not meet current guidelines for GT. The difference in median OS was not statistically significant between patients with and without PGA (50.8 months, 95% confidence interval ¼ 34.5 to not reached, two-sided P ¼ .94). Loss of heterozygosity was found in 60.0% of BRCA1/2. Conclusions: PGAs frequently occur in pancreas exocrine neoplasms and involve multiple genes beyond those previously associated with hereditary pancreatic cancer. These PGAs are therapeutically actionable in about 5% to 10% of patients. These data support routinely offering GT in all pancreatic ductal adenocarcimona patients with a broad panel of known hereditary cancer predisposition genes.
Pancreatic ductal adenocarcinoma (PDAC) has an overall fiveyear survival rate of about 8% and an annual disease-specific mortality that approaches the rising incidence of the disease (1) . Currently, standard therapies for patients with metastatic PDAC and a good performance status consist of cytotoxic regimens of FOLFIRINOX or gemcitabine and nab-paclitaxel; median overall survival remains less than a year (2, 3) . Germline and somatic genetic testing or profiling (GT and ST, respectively) of PDAC is an emerging focus of current research and is paving the way for optimizing and refining currently available treatment options and the development of novel therapeutics (4) (5) (6) (7) (8) (9) (10) (11) .
The clinical and therapeutic implications of pathogenic germline alterations (PGAs) in PDAC have been most studied in relation to BRCA1/2 due to their high prevalence among PDAC (4) (5) (6) (7) (8) (9) (10) (11) . Specifically, the activity of PARP inhibitors in tumors defective in BRCA1/2 through a synthetically lethal interaction has spurred the development of drugs designed to exploit an acquired or inherited deficiency in double-stranded DNA break repair for therapeutic benefit (12) (13) (14) (15) (16) . Several studies have reported encouraging results utilizing platinum agents with or without PARP inhibition in the setting of PDAC patients with BRCA1/2 mutations, and the spectrum of germline and somatic alterations previously identified in genes associated with the DNA damage response pathway suggests that there is a wider patient population with BRCA-like tumor characteristics who may benefit from a similar approach (13) (14) (15) (16) (17) .
Genes implicated in predisposition to PDAC include BRCA1/ 2, ATM, PALB2, STK11, MLH1, MSH2, MSH6, PMS2, and CDKN2A, with other genes such as BARD1, ATR, RAD51, and CHEK2 having been suggested as potential candidate risk genes (4) (5) (6) (7) (8) (9) (10) (11) . Routine screening for PGAs in unselected patients with PDAC is currently not standard of care; rather, screening for PGAs is usually performed on a limited and targeted basis. The National Comprehensive Cancer Network (NCCN) and American College of Medical Genetics and Genomics (ACMG) recommend screening for PGAs in PDAC patients who have a strong family history of pancreatic, breast, and ovarian cancer; patients who meet criteria for familial pancreatic cancer (FPC)/Lynch syndrome (LS)/ BRCA/familial atypical multiple mole (FAMM) syndrome; and those of Ashkenazi Jewish ancestry (18, 19) .
Notably, however, recent studies have identified multiple cohorts of unselected patients with PDAC who harbor PGA without having a family history or being of Ashkenazi Jewish descent (20) (21) (22) (23) . Furthermore, these patients did not meet current guidelines for screening, making it increasingly apparent that current screening guidelines do not adequately capture all patients with PGAs. Given the profound clinical implications that identifying PGAs may have, it is of critical relevance to reevaluate current screening guidelines for PGAs in PDAC. To further explore these observations, we sought to evaluate the spectrum of PGAs in patients with exocrine pancreatic neoplasms, evaluate therapeutic opportunities based on GT, assess the opportunity to identify at-risk family members, and assess and compare clinical outcomes among patients with and without PGAs.
We undertook a prospective study of PGAs among patients with pancreatic exocrine cancers receiving care at Memorial Sloan Kettering Cancer Center (MSKCC), unselected by personal and family history of cancer, ethnicity or age, using the Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) next-generation sequencing (NGS) platform.
Methods

Patients
Between January 2014 and July 2017, informed consent for ST under an institutional review board-approved protocol (NCT01775072) was prospectively obtained from 615 unselected patients with a diagnosis of exocrine pancreatic neoplasm. From November 2015 onward, informed consent was also prospectively obtained from patients for GT under the same protocol. Three hundred fifty-six (57.9%) patients consented to ST and GT, and 259 (42.1%) patients consented to only ST. Of note, all 336 patients in Lowery et al. (2017) were included in this cohort; however, these patients were not analyzed for PGAs in that report (24) . Also, 162 (of 615) patients in the current cohort, including 39 who had PGAs, overlapped with Mandelker et al.'s (2017) cohort (22) . The treating oncologist assessed clinical data and therapeutic responses. All patients who consented to ST were included in this study. ST across the full panel of 410-468 genes was performed on tumor samples obtained from resection or biopsy. GT performed on germline DNA obtained from normal peripheral blood was limited to 76 genes (Supplementary Table 1 , available online). Clinical, demographic, and pathologic information was collected on all patients in the study. However, information was not available for analysis in 259 patients who consented to only ST as their data were anonymized prior to linkage with genetic testing results, which is described below.
Sequencing, Variant Calling, and Results Reporting
DNA was isolated from tumor tissue and matched normal peripheral blood and was analyzed through a hybridization capture-based NGS assay to identify nucleotide variants, small insertions and deletions, copy number variations, and structural rearrangements, as previously described (25, 26) . For 356 patients who consented to both ST and GT, variants were called using a combination of MuTect and Genomic Analysis Toolkit (GATK) HaplotypeCaller, with mapping and base quality scores of 20 or higher, 25% variant frequency, and 20Â coverage thresholds (27, 28) . Copy number variants were identified using an in-house developed pipeline and were confirmed by additional laboratory tests (29) . For these patients, somatic and germline variants were reported to treating physician and patients.
For 259 patients who consented only to ST, only somatic variants were reported to the treating physician and patients. To evaluate and associate these patients' PGAs with their respective clinical data, the clinical and genomic data were anonymized and linked through an institutional review boardapproved protocol. Clinical data were "binned" to remove any possible unique identifying values, and then linked to binary alignment map (.bam) files of the nontumor DNA with a unique study identifier prior to variant calling. Identifying protected health information was deleted before generation of variant call format files from the corresponding .bam files. A custom pipeline then analyzed the germline data for this anonymized cohort subset in order to call variants (details provided in the Supplementary Methods, available online).
All variants identified were classified based on the ACMG criteria. Only pathogenic and likely pathogenic variants are reported in the analysis herein.
Loss of Heterozygosity Analysis
Loss of heterozygosity (LOH) was analyzed on tumor samples from the initial GT and matched normal blood sample. Seventyfive patients with PGAs were analyzed. Using the FACETS algorithm, we determined total and allele-specific copy number from the sequence coverage and genotypes of polymorphic single nucleotide polymorphisms across the genome, for which we can identify regions of LOH (30) . Zygosity of each pathogenic PGA was inferred in the tumor according to its variant allele fraction and the FACETS segment on which it occurred.
Statistical Analysis
Kaplan-Meier curves (KM) were generated, and median overall survival (OS) was compared with log-rank testing. Categorical variables were compared using the Fisher exact test. P values of less than .05 were considered statistically significant. All statistical tests were two-sided.
Results
PGAs Identified
The median time for somatic data return was 45 days from time of consent and 20 days from time of DNA extraction from tumor tissue (24) . Germline data results were typically available within seven days of somatic results. The demographics of the entire patient cohort (n ¼ 615) are summarized in Table 1 . Five hundred fifty (89.4%) patients self-identified as white, and patients of known Ashkenazi Jewish heritage comprised 20.2% of this group. At least one PGA was identified in 122 (19.8%) patients, and of that, 108 (88.5%) patients had PDAC. Ashkenazi Jewish patients had the highest frequency of PGAs, at 36.0%. The frequencies of PGAs in Caucasian patients (including Ashkenazi Jewish), black/Hispanic/Latino patients, and Asian patients were 19.5%, 24.3%, and 21.4%, respectively. Black and Hispanic/ Latino patients were analyzed together given low numbers.
Fifty-one (41.8%) patients with PGAs did not meet current guidelines for GT. Table 2 shows the number of guidelines that patients who were found to have PGAs met for screening under NCCN hereditary breast and ovarian cancer (HBOC) and/or ACMG HBOC/FPC/LS/FAMM guidelines for screening (17, 18) . Fifty (8.1%) patients had a BRCA1 or BRCA2 mutation; 35 (5.7%) had a BRCA2 mutation, and 15 (2.4%) had a BRCA1 mutation. Among the 111 Ashkenazi Jewish patients, 18% harbored one of the three common BRCA Ashkenazi Jewish founder's mutations (Tables 3 and 4) . Twenty-six (52.0%) of the 50 patients with BRCA1/2 had one of the three common BRCA Ashkenazi Jewish founder's mutations. PGAs were found in an additional 22 genes, including high-penetrance genes such as ATM (n ¼ 11, 1.8%) and CDKN2A (n ¼ 6, 1.0%). See Table 3 and Supplementary  Figure 1 (available online) for further details of other PGAs found. Two PGAs occurring in separate genes were found in nine patients (Table 4) .
Supplementary Table 2 details the demographic data for identified patients with BRCA1/2 mutations (n ¼ 32). Of the 32 patients, 16 had Ashkenazi Jewish founder's mutations. Two (12.5%) of these 16 patients identified as non-Ashkenazi Jewish. Supplementary Table 3 details the specific mutation, founder mutation status, and guidelines met for screening. Five (22.7%) patients with BRCA2 mutations did not fall under any guidelines for screening (Supplementary Table 4 , available online). Figure 3 , available online). Table 6 details the number of wild-type (WT), LOH, and homozygous deletions in 75 identified patients with adequate tissue for analysis. Most notably, LOH was found in 12 (60.0%) BRCA2 mutations and six (60.0%) BRCA1 mutations. Six (30.0%) BRCA2 mutations and three (30.0%) BRCA1 mutations were WT. ATM also had substantial LOH, with five (62.5%) with LOH and two (25.0%) WT.
LOH Analysis
Discussion
Previous observations have established that a small but clinically significant number of patients with PDAC harbor deleterious PGAs in BRCA1/2 and several other rare but highpenetrance genes, predominantly through study of patients with a personal or family history of cancer or of an ethnic background associated with increased carrier frequency of hereditary cancer predisposition syndromes (7) (8) (9) (20) (21) (22) (23) .
Several publications have indicated a higher incidence of PGAs in a number of high-and moderate-penetrance genes that were not previously associated with an increased lifetime risk of pancreatic cancer incidence (21) (22) (23) . We report results of GT using a 76-gene panel in an unselected population of 615 patients with exocrine pancreas neoplasms, primarily PDAC. We found at least one PGA in 122 (19.8%) of patients, the majority of whom were between age 50 and 60 years and were of Caucasian ethnicity without known Ashkenazi Jewish heritage. Notably, 41.8% of patients who had a confirmed PGA did not meet any screening criteria for GT in PDAC. While PGAs were most frequently identified in BRCA1/2, 22 additional genes were found to have deleterious alterations, of which the majority were genes associated with the DNA damage response pathway, including BLM, CHEK2, BARD1, ATM, RAD51D, and RAD50. Nine (1.5%) patients had PGAs in two different genes, typically including known founder mutations in the Ashkenazi Jewish population. These results lend strong support to the proposal that GT for a broad panel of known hereditary cancer predisposition genes should be offered routinely to patients with PDAC, regardless of age, ethnicity, and family/personal history of cancer.
The potential benefits of identifying PGAs in patients with PDAC are, first, the ability to test at-risk relatives and enroll carriers in prospective screening programs to decrease morbidity and mortality associated with increased cancer incidence both related to other cancers and potentially PDAC, and second, the possibility to exploit a known PGA for therapeutic benefit. While the development of effective tools for screening and early detection of PDAC remains a considerable challenge, the ability to screen for or undertake preventative surgery to reduce the risk of breast, colon, and ovarian cancer is likely to result in overall clinical benefit for patient relatives in whom a PGA is identified. With increased screening, an ongoing challenge will be how to advise patients in whom a PGA in a low/moderatepenetrance gene is identified whereby the clinical implications of such an alternation are not well understood and the overall increased lifetime risk of cancer is modest. Careful prospective study of cancer incidence and mortality, impact of lifestyle/environmental factors, and analysis of risk reduction interventions will be crucial to developing appropriate clinical guidelines for management of these patients.
The potential to utilize PGAs for therapeutic benefit relates predominantly to the identification of tumors with defective DNA-damage response repair genes that have increased sensitivity to DNA-damaging agents or targeted therapies that are synthetically lethal with defective double-strand break repair, or, alternatively, the use of checkpoint inhibitors in patients with hypermutated tumors associated with a PGA in one of the mismatch repair genes. Based on this supposition, we postulate that about 5% to 10% of PDAC patients will have therapeutically actionable PGAs. In patients for whom we had complete data regarding clinical outcomes, we did not identify a statistically significant difference in median OS in patients with vs without PGA. However, there was longer median OS, though statistically nonsignificant, when analysis was restricted to metastatic/recurrent disease and in patients with BRCA mutations vs patients without. These observations may have been limited by several factors. Only 356 (57.9%) patients had clinical outcomes data included in analysis. Additionally, not all patients with PGAs may have had a therapeutically actionable PGA, nor did every patient with a therapeutically actionable PGA receive corresponding therapy. The lack of a statistically significantly longer median OS does, however, suggest that prognostically NM_007294 (BRCA1): cÁ5266dupC (pÁGln1756Profs*74), also known as cÁ5382insC and cÁ5385insC, NM_007294 (BRCA1): cÁ68_69delAG (pÁGlu23Valfs*17), also known as BRCA1 cÁ185delAG or cÁ187delAG, NM_000059 (BRCA2): cÁ5946delT (pÁSer1982Argfs*22), also known as cÁ6174delT. PGA ¼ pathogenic germline alteration. Table 4 . patients with PGAs may not have a different outcome compared with patients without PGAs. The benefits described do depend on timely results of GT. Our study had a median reporting time of 45 days from consent. Furthermore, effective reporting of results to the treating physician and deceased patient's relatives should be in place; should the results become available posthumously, reporting to patients' relatives can inform them of the need for testing and screening.
ARTICLE
We found that 48 (57.1%) patients with a PGA who received platinum had a therapeutic response, while 102 (35.5%) patients without a PGA responded to platinum in the advanced disease setting. Our data further demonstrate that patients with BRCA mutations have the best response to platinum therapy while patients with non-BRCA PGAs respond more than patients without PGAs but not as well as BRCA patients. Our data support the hypothesis that there is increased tumor response to platinum in patients who carry a PGA in genes associated with DNAdamage response-a concept that is currently being tested in prospective studies of platinum therapy in patients with BRCA1/ 2 mutation-associated PDAC (13, 14, 16) . Early results indicate that we may consider prospective evaluation of agents targeting defective DNA damage repair pathways in a broader patient population than previously considered, including those with pathogenic PGA in BLM, CHEK2, ATM, and other less frequently altered genes. This response to platinum is further supported by our LOH analysis, where we found 18 (60%) BRCA1/2 mutations with LOH. The prevalence of LOH in BRCA patients likely confers sensitivity to platinum and allows for therapies that are synthetically lethal. We also found PGAs such as CHEK2, ATM, NF1, and FH to have LOH, which further raises the possible use of synthetically lethal therapies in the same manner that is currently being studied in BRCA LOH (13, 14, 16) . Interestingly, however, not all BRCA1/2 mutations had LOH, a finding that will need further study to evaluate the clinical significance. To date, the value of ST in patients with PDAC is limited from a therapeutic standpoint; in contrast, our findings reported in this manuscript indicate that GT is potentially of more clinically meaningful value in the identification of targetable genetic alterations in this population (24, 31) .
Our study has several limitations, including the low proportion of non-Caucasian patients, related to referral patterns to MSKCC. Furthermore, our patient population has a high frequency (18%) of Ashkenazi Jewish heritage. Additionally, it is likely that some patients who identified only as Caucasian were of Ashkenazi Jewish heritage. This explains, in part, the increased incidence of PGA that we identified in our study in comparison with recently published series, as some findings reflect carrier status of low-penetrance genes (21, 23) . However, we did find PGA in patients of African American, Asian, and Hispanic ethnicity at similar frequency to the Caucasian population, acknowledging relatively small numbers. Additional studies in these non-Caucasian patient populations are needed to characterize the frequency in patients of varied ethnic backgrounds.
Our study demonstrates the acceptability, feasibility, and clinical value of broad GT in patients with PDAC, independent of ethnicity, age, and family cancer history. Future development of precision medicine in patients with PDAC is likely to be guided by the identification of both germline and somatic genetic alterations, offering opportunity for improvement in both preventative and therapeutic treatment approaches. Looking forward, we propose the incorporation of GT as standard of care for patients with PDAC and the consideration of stratification by PGA in prospective studies evaluating the use of rational combinations of targeted and cytotoxic therapies.
